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ABSTRACT 
 
Using realtime ultrasound array photoacoustic microscopy (UA-PAM), we demonstrated the feasibility of 
noninvasive in vivo imaging of human pulsatile dynamics, as well as 3-D dynamic imaging of sentinel 
lymph nodes (SLNs) in a murine model. The system, capable of realtime B-scan imaging at 50 Hz and 
high-speed 3-D imaging, was validated by imaging the subcutaneous microvasculature in rats and humans. 
After the validation, a human superficial palmar was imaged, and its pulsatile dynamics monitored, with 
20-ms B-scan imaging temporal resolution. In addition, noninvasive photoacoustic sentinel lymph node 
(SLN) mapping with high spatial resolution has the potential to reduce the false negative rate and eliminate 
the use of radioactive tracers. Upon intra-dermal injection of Evans blue, the system maps SLNs accurately 
in mice and rats. Furthermore, the ~6 s 3-D imaging temporal resolution offers the capability to 
quantitatively and noninvasively monitor the dye dynamics in SLNs in vivo through sequential 3-D 
imaging. The demonstrated capability suggests that high-speed 3-D photoacoustic imaging should facilitate 
the understanding of the dynamics of various dyes in SLNs, and potentially help identify SLNs with high 
accuracy. With the results shown in this study, we believe that UA-PAM can potentially enable many new 
possibilities for studying functional and physiological dynamics in both preclinical and clinical imaging 
settings.  
Keywords: photoacoustic microscopy, ultrasound array, dynamic in vivo imaging, three-dimensional 
imaging, microvascular imaging 
1. INTRODUCTION 
Owing to both the clinical needs and the demand for biomedical study of physiological dynamics, high-
speed in vivo functional imaging has become highly desirable. Although MRI provides good functional 
imaging capability, it usually cannot perform real-time imaging [1]. Ultrasound offers real-time imaging 
capability, but the mechanical contrast does not provide much physiological information besides flow [2]. 
Previously available high-resolution optical microscopy modalities—including confocal microscopy [3], 
two-photon microscopy [4], and optical coherence tomography [5]—are capable of real-time imaging. 
However, as none of them sense optical absorption directly, their sensitivity for functional imaging is 
relatively low. Moreover, they rely on the detection of ballistic photons, and thus cannot image beyond one 
optical transport mean free path in highly scattering biological tissue.  
Photoacoustic imaging is a noninvasive biomedical imaging technology that provides excellent optical 
absorption contrast—endogenous contrast for many physiological phenomena—with high ultrasonic 
resolution at super-depths—depths beyond the optical transport mean free path [6]. It has been used to 
Photons Plus Ultrasound: Imaging and Sensing 2010, edited by Alexander A. Oraevsky, Lihong V. Wang,
Proc. of SPIE Vol. 7564, 756403 · © 2010 SPIE · CCC code: 1605-7422/10/$18 · doi: 10.1117/12.840582
Proc. of SPIE Vol. 7564  756403-1
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 9/18/2018
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use
  
study 
imagin
propag
depth 
Us
micros
feasibi
micros
respec
human
dynam
A 
Nd:YL
card, a
our pr
Fig. 1
illumin
whisker stimu
g modality b
ation time. In
of 1.5 cm.  
ing a 30-MH
copy capable
lity to image
copy (UA-PA
tively, provide
 pulsatile dyn
ic functional i
schematic of th
F laser, a tun
 multi-core PC
evious publica
. Schematic 
ation pattern 
lation [7], sing
y nature, wit
 principle, A-l
z ultrasound a
 of real-time 
 physiologica
M) system, w
s ~3 mm ima
amics and m
maging capab
e system is sh
able dye laser
, and a custo
tions [10, 11, 1
of the ultraso
on the skin sur
le vessel oxyg
h its speed f
ines (i.e., dept
rray and a k
B-scan imagi
l dynamics [1
ith axial, late
ging depth in 
urine sentine
ility. 
2. IMAG
own in Fig. 1.
, a 30-MHz ul
m designed lig
3]. 
und array ph
face. 
enation [8], an
undamentally
h-resolved 1-D
Hz repetition 
ng at 50 Hz 
0-12]. In add
ral, and eleva
scattering biol
l lymph node
ING SYST
 The key comp
trasound array
ht delivery sy
otoacoustic m
d tumor hypo
 limited only
 images) can 
laser system, 
and high-spee
ition, this ul
tional resolut
ogical tissue [
 dynamics, w
EM 
onents includ
, an 8-channe
stem. Details
icroscopy sys
xia [9]. It is al
 by the phot
be acquired at 
we developed
d 3-D imagin
trasound array
ions of 25, 70
10]. In this stu
e demonstrate
e a diode-pum
l PCI data acq
of the system 
tem. Inset A
so a high-spee
oacoustic wav
100 kHz with
 photoacoust
g, offering th
 photoacoust
, and 200 μm
dy, by imagin
d the system
ped Q-switche
uisition (DAQ
can be found i
, the dark-fiel
d 
e 
 a 
ic 
e 
ic 
, 
g 
’s 
d 
) 
n 
  
d 
Proc. of SPIE Vol. 7564  756403-2
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 9/18/2018
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use
  
To
human
as wel
protoc
Fig
acquis
tempo
Fig. 2
vivo p
image
In 
superf
3-D im
The pu
measu
 
 validate the 
s, we imaged 
l as a human p
ols approved b
. 2 shows th
ition time for 
ral resolution o
. (a) Photograp
hotoacoustic 3
d human palm
order to study
icial palmar, ~
age, we fixed
lsatile rate, es
red from a pul
system’s perfo
the upper dors
alm. All the i
y Washington
at blood vess
each 3-D pho
f sequential 3
h of the Spra
-D image cor
. (d) In vivo ph
 the pulsatile 
1 mm in diam
 the scanning 
timated from t
se oximeter. 
3. R
rmance of in
al region of a 
maging proced
 University in 
els down to ~
toacoustic ima
-D imaging wa
gue Dawley ra
responding to
otoacoustic 3-
dynamics, we
eter and over 1
probe and con
he image, was
ESULTS
 vivo microva
Sprague Dawl
ures were con
St. Louis. 
100 μm size
ge was only 
s ~6 s. 
t with hair rem
 the dashed r
D image corre
 scanned a re
 mm deep, wa
tinuously mon
 66 per minut
scular imagin
ey rat (Harlan
ducted in com
 were clearly
2 s. Limited b
oved before 
ectangle area 
sponding to th
gion of the pa
s imaged (Fig
itored the puls
e, consistent w
g in both sm
 Sprague Daw
pliance with t
 imaged by th
y the data tran
photoacoustic 
in (a). (c) Ph
e dashed recta
lm near the w
. 3). After acqu
ation using B-
ith the 65 ± 2
all animals an
ley, Inc., USA
he experiment
e system. Th
sfer speed, th
imaging. (b) I
otograph of th
ngle area in (c
rist, where th
iring the initi
scan (Video 1
 per-minute ra
d 
), 
al 
e 
e 
 
n 
e 
). 
e 
al 
). 
te 
Proc. of SPIE Vol. 7564  756403-3
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 9/18/2018
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use
  
Fig. 3
superf
One B
image corresponding to the dotted vertical line a in (b), showing the superficial palmar’s
(A-line) as a function of time. 
(e) Normalized integrated signal over the superficial palmar (red) and the vein (blue) regions as a function 
of time. 
. In vivo phot
icial palmar. T
-scan slice fro
oacoustic imag
he dashed lin
m the real-tim
(d) M-mode image of a vein corresponding to the dotted vertical line b in (b). 
ing of human
e indicates the
e photoacoust
 pulsatile dyn
 cross-section 
ic B-scan mov
amics. (a) 3-D
monitored by 
ie (http://dx.doi.org/10.1117/12.840582.1).  
 
 photoacoust
real-time B-sc
SK, skin surface.
 pulsatile motion 
ic image of th
an imaging. (b
(c) M-mode 
e 
) 
Proc. of SPIE Vol. 7564  756403-4
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 9/18/2018
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use
  
Using a murine model, we also demonstrated the system’s capability to accurately identify SLNs and 
quantitatively image the dye uptake and clearance dynamics [13]. 
4. CONCLUSIONS AND DISCUSSION 
Our UA-PAM system was capable of high-speed in vivo imaging of microvasculature details in both 
small animals and humans. Using UA-PAM, human pulsatile dynamics was captured in real time. Ideally, 
to better characterize the pulsatile hemodynamics, oxygen saturation should be measured within each 
cardiac cycle. However, accurate computation of the blood oxygenation in real-time requires photoacoustic 
imaging with laser-wavelength tunability in real time (because oxygenation quantification requires multi-
wavelength measurements), which is currently not available in our laser system.  
In addition, UA-PAM demonstrated accurate in vivo SLN mapping in a murine model. The dynamics of 
dye accumulation and clearance in murine SLNs were quantitatively monitored with a high temporal 
resolution, up to 6 s. This capability should facilitate further studies to understand the dynamics of different 
dyes in SLNs, and potentially help identify SLNs with high accuracy. 
With the promising results shown in this study, we believe that UA-PAM will open up many new 
possibilities for studying functional and physiological dynamics in both preclinical and clinical imaging 
settings. 
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